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This  r e p o r t  is  based on work performed by t h e  Arizona Highway Depart- 

ment, under con t r ac t  wi th  t h e  Department of T ranspor t a t ion  t o  i n v e s t i g a t e  

"E lc t ro -Chedca l  Hardening of Expansive Clays", Pmds  f o r  t h e  p r o j e c t  were 

provided by t h e  Federa l  Highway Administrat ion through t h e  Arizona Depart- 

ment of Transpor ta t ion ,  

Frequent ly t h e  s o i l s  a v a i l a b l e  f o r  cons t ruc t ion  cannot meet t he  r equ i r e -  

ments, such a s  s t r e n g t h  and incompress ib i l i t y ,  imposed by t h e i r  use i n  em- 

bankments o r  subgrades.  The process  of improving t h e  s o i l  s o  t h a t  i t  can 

meet t h e  r e q d r e m e n t s  i s  known as s t a b l i l i z a t i o n .  

3hny d i f f e r e n t  methods of s t a b i l i z a t i o n  have been proposed. From t h e  

s tandpoin t  of t h e i r  func t ion  o r  e f f e c t  on t h e  s o i l  they  can be  c l a s s i f i e d  

a s  fol lows : 

1. : h t a i n  moisture i n  s o i l ,  

2. : Prevent  moist.ure from e n t e r i n g  s o i l  o r  from 

a f f e c t i n g  clay m a t e r i a l s .  

3. : Binding t h e  p a r t i c l e s  t oge the r  wi thout  t h e i r  a l t e r a t i o n .  



4 .  : Plugging t h e  Voids. 

5. Mechanical S t a b i l i z a t i o n  : Improving t h e  s o i l  g rada t ion .  

4 * : Cbanging t h e  c l a y  d n e r a l  

o r  c lay  minera l  absorbed-water system. 

A s a t i s f a c t o r y  s t a b i l i z i n g  technique must provide t h e  r equ i r ed  s o i l  

q u a i i t i e s  and i n  a d d i t i o n  must s a t i s f y  t h e  fol lowing c r i t e r i a  : (1) Compatible 

wi th  t h e  s o i l  ma te r i a l ;  (2 )  Pemanen t ;  (3)  E a s i l y  handled and Implemented; 

( 4 )  Low cos t .  

The problem of s t a b i l i z i n g  Chinle Clay has been under cons ide ra t ion  by 

A,B.O.T, s i n c e  the  e a r l y  1960's because of t h e  v a s t  depos i t s  of Swelling Clay 

i n  Northern Arizona, some 6,000 s q ,  mi les  of s u r f a c e  exposure, a s  shown i n  

f i g u r e  1. 

The swe l l i ng  c h a r a c t e r i s t i c s  of t h e s e  Chinle Clay d e p o s i t s  a r e  l a r g e  and 

have caused excess ive  heaving i n  highway subgrades,  This  v o l m e t r i c  s t r a i n  

w i th  r e s u l t i n g  pavement s t r e s s  has  caused damage o r  f a i l u r e  t o  many miles  of 

e x i s t i n g  highways i n  t h i s  r eg ion  of Northern Arizona. 

Recomiz ing  t h i s  cond i t i on  t h e  Arizona aepartment of  T r m s p o r t a t i o n  a d  

t h e  P.H.W.A. supported t h e  work of D r .  Charles  E. OqBannon, of A,S.U.'s C i v i l  

Engineering Department, on d i a g e n i s i s  o f  Cbinle  Clay by e l ec t rochemica l  

methods. 
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The o b j e c t  of t h i s  r e sea rch  w a s  t o  u t i l i z e  D r .  Charles ~ ' ~ a n n o n ' s  

eleetrochermical so i l - t r ea tmen t  technology and, i f  n e c e s s a q  t o  modify por- 

t i o n s  of i t  f o r  t h e  express  puspose of  c r e a t i n g  a v i a b l e  s o i l  s t a b i l i z a t i o n  

technique t h a t  is implementable by Highway Divis ion M a i n t e n a c e  personnel .  

This  r e p o r t  on t h e  E l e c t r o - C h e ~ c a l  hardening of Ghinle Clay i s  pre- 

s en ted  i n  e i g h t  chapters .  These chap te r s  e x p l a i n  i n  d e t a i l  t h e  va r ious  

a r e a s  of l abo ra to ry  and f i e l d  experimentat ion conducted s i n c e  J u l y  1, 1973. 

Chapter I1 d i scusses  t h e  Geology of s i te  and t h e  pre l iminary  sampling lay-  

ou t .  Chapter III i s  a  review of some Electro-Chemical s o i l  hardening con- 

cep t s  a s  i t  a p p l i e s  t o  t h e  e x i s t i n g  problem. Chapter I V  p r e s e n t s  t h e  work 

conducted i n  t h e  l abo ra to ry  i n  p repa ra t ion  f o r  t h e  f i e l d  test. Chapter V 

d i scusses  t h e  work pe r fomed  i n  t h e  f i e l d  t e s t  i n  t h e  s p r i n g  and summer of 

1974. Chapter V I  p r e sen t s  t h e  r e s u l t s  of t h e  f i e l d  t e s t  wi th  an a n a l y s i s  of 

t h e  da ta .  Chapter V I I  i s  a  p r e l i d n a s y  cos t  s tudy  f o r  t h e  method. Chapter 

V I I I  d i s cusses  t h e  on-s i te  moisture content  measurements us ing  Nuclear Gauges. 

Chapter I X  is  t h e  conclusion and recommendation t h a t  have been reached during 

t h i s  s tudy .  



CHAPTER %I 

GEOLOGY AND PRELIMINARY SAMPLING OF THE AREA AND SITE 

The s i t e  i s  loca t ed  i n  Nor theas te rn  Arizona on t h e  Colorado P la t eau  

geo log ica l  province,  s e e  f i g u r e  2 .  The nea r ly  h o r i z o n t a l  sandstones and 

s h a l e s  of T r i a s s i c  and J u r a s s i c  age i n  t h i s  a r e a  a r e  i n t e r m i t t a n t l y  covered 

by thin-bedded T e r t i a r y  sandstones and s h a l e s .  This  reg ion  i s  cha rac t e r i zed  

by low, broad mesas overlooking wide, f l a t ,  s t ream v a l l e y s  conta in ing  Qua- 

t e r n a r y  t o  Recent sands and s i l t  al luvium wi th  low terraiaces conta in ing  a  

very  l i m i t e d  quan t i t y  of g rave l .  

U.S. I n t e r s t a t e  40 t r ansve r ses  p r i m a r i l y  t h e  T r i a s s i c  Chinle  formation 

a s  i t  c ros ses  t h i s  a r e a .  The Chinle  formation i s  composed of s h a l e ,  c l ay  

sandstone,  and minor amounts of l imes tone .  

C h a r a c t e r i s t i c s  of t h e  Chinle  formation vary  g r e a t l y  i n  both  t h e  physi- 

c a l  and chemical a spec t s .  Chinle  f o r n a t i o n  co lo r s  inc lude  r e d ,  pink,  brown 

green,  pu rp l e ,  and grey t i n t s ,  It has  been previous ly  mentioned t h a t  s h a l e ,  

c l a y ,  sandstone,  and minor amounts of l imestone a r e  p re sen t .  Phys ica l  and 

chemical c h a r a c t e r i s t i c s  of sedimentary depos i t s  a r e  dependent f o r  t h e  most 

p a r t  on t h r e e  f a c t o r s :  1) O f  course, dependence on parent m a t e r i a l ,  2) 

method of t r a n s p o r t a t i o n  of sediments ,  and 3) changes a f t e r  depos i t i on .  

Severa l  d e p o s i t i o n a l  environments a r e  r e spons ib l e  f o r  t h e  c h a r a c t e r i s t i c s  

of t h e  Chinle  formation, It i s  h e l d  t h a t  t he  condi t ions  under which t h e  
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c h i n l e  was depos i ted  were wholly cont inental--probably those of a wel l-  

graded b u t  r a t h e r  a r i d  p l a i n  ac ros s  which s t reams meandered and on which 

t h e r e  were perhaps s c a t t e r e d  l akes .  Conglomerates of r e s i s t a n t  m a t e r i a l s  

t r anspor t ed  from a g r e a t  d i s t a n c e  a r e  s c a r c e ;  hence, i t  is  evident  t h a t  

s t ream g rad ien t s  were low. Cont inenta l  o r i g i n  i s  evidenced by the  presence 

of fresh-water f o s s i l s ,  l and  v e r t e b r a t e s  and the t r e e s  of t h e  p e t r i f i e d  

f o r e s t .  Evidence i s  p re sen t  f o r  t h e  e x i s t e n c e  of a warm marine environ- 

ment i n  p o r t i o n s  of t he  a r e a  i n  which t h e  Chinle  outcrops.  Montmorillo- 

no id  and b e n t o n i t i c  c l ay  minera ls  a r e  sugges t ive  of vo lcan ic  a c t i v i t y  a t  

t h e  t ime of t h e  warm marine c l imate .  The a l t e r a t i o n  of vo lcan ic  ash i n  

such an  environment is  f avorab le  t o  t h e  informat ion  of t he  aforementioned 

c l ays .  

I n  t h e  genera l  a r e a  of t he  s i t e ,  t h e  Chinle  v a r i e s  i n  th ickness  and 

had a macimum depth of 1,500 f e e t  a t  t he  t e s t  s i t e  on I n t e r s t a t e  40,  t h e  

highway i s  i n  a 15-foot s h a l e  cu t .  The weathered m a t e r i a l  on the  s lopes  

of t h e  c u t s  extends t o  a depth of about one foo t .  This  m a t e r i a l  has  t h e  

t y p i c a l r e t i c u l a t e d  appearance of an expansive c l a y ,  weathered i n  p l ace  

from t h e  pa ren t  ma te r i a l .  The under ly ing  m a t e r i a l  i s  very  hard and b r i t t l e ,  

The out-crop i s  f r a c t u r e d ,  s l i c k e n s i d e d ,  and shows no v i s i b l e  bedding p l anes .  

During the  f i r s t  weeks of J u l y ,  1973 A.D.O.T, D i s t r i c t  I V  personnel  

s e t  down engineering r e fe rence  s t a t i o n s  on t h e  west bound l a n e  of U.S. 

I n t e r s t a t e  40 a t  M.P. 323,82 f o r  approximately 1200' of t h e  c u t .  



A f t e r  due cons idera t ion  wi th  an  al l -system go t a r g e t  d a t e  of September 

4 ,  1993 i n  mind i t  was decided t h a t  t h e  opt imal  pre-sampling procedure, 

bo th  from an engineering and economic viewpoint ,  was t o  acqu i r e  a l l  s o i l  

samples i n  a continuous s t r a i g h t  l i n e  p a t t e r n .  The samples would be  taken 

only over a  500 f a a t  s e c t i o n  of t h e  c u t  s e l e c t e d  a s  t h e  t e s t  s i t e ,  

Taken i n  t h i s  manner t h e  s o i l  samples would provide adequate  d a t a  on 

t h e  s o i l  c h a r a c t e r i s t i c s  of t h e  s e c t i o n  f o r  t h e  purposes of t h i s  s tudy .  

It should be pointed out  t h a t  t h i s  sampling procedure was conceived 

under t h e  c o n s t r a i n t s  of minimal time and money expenditures  which would 

b e  e s s e n t i a l  cons idera t ions  f o r  an implementable maintainence opera t ion .  

However, t h i s  type of sampling procedure i s  not  recommended i f  t he  s o i l  

s tudy  i s  t o  b e  one of a  gene ra l  i n v e s t i g a t o r y  na tu re .  

Samples were obtained from s t a  7+00 t o  s t a  12+00 on 20' i n t e r v a l s  and 

t e s t e d  f o r  expansive c h a r a c t e r i s t i c s  and a t t e r b e r g  l i m i t s .  

Based on t h e  a t t e r b e r g  l i m i t s  the  s o i l  specimens were c l a s s i f i e d  v i a  

t h e  Uni f ied  S o i l  C l a s s i f i c a t i o n s  Systems, The r e s u l t  of t h e  c k a s s i f i c a t i o n  

and a  s o i l  p r o f i l e  a r e  shown i n  f i g u r e  3, 
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Phys ieochemical Aspects 

C l  ay  S t r u c t u r e  

Because t h i s  work wi th  electro-osmosis  i s  p r i m a r i l y  concerned wi th  

s t a b i l i z a t i o n  o f  Chinle Clay formations,  a  b r i e f  review of  c e r t a i n  f a c t s  

and models of c l a y  minerology and e lec t ro-osmosis  i s  fundamental. 

I t  i s  we l l  known t h a t  t h e  s o i l  p a r t i c l e  s i z e  s t r o n g l y  a f f e c t s  t he  

appearance and behavior  o f  s o i l s .  These e f f e c t s  on s o i l  behavior  a r e  due 

t o  t he  i n c r e a s i n g  magnitude of t h e  fo rces  among t h e  molecules of ad j acen t  

p a r t i c l e  s u r f a c e s  a s  t he  s i z e  dec reases ,  In  s i l t  o r  sand and l a r g e r  s o i l  

s i z e s ,  t h e  r a t i o  o f  t h e  a r e a  of  t he  s u r f a c e  t o  t h e  volume o f  t he  sample i s  

r e l a t i v e l y  sma l l ,  hence t h e  i n t e r s u r f a c e s  fo rces  smal l .  In  such cases  t he  

shape o f  t h e  g r a i n ,  s u r f a c e  roughness and r e s u l t i n g  i n t e r p a r t i c l e  abras ive  

fo rces  determine t h e  o v e r a l l  behavior  o f  t h e  s o i l  mass. 

In  t h e  case  o f  small  s o i l  p a r t i c l e s ,  t h e  molecules forming t h e  p a r t i c l e  

s u r f a c e  c o n s t i t u t e  a  l a r g e  propor t ion  o f  t h e  t o t a l  number o f  molecules,  and 

t h e  i n t e r p a r t i c l e  forces  a s s o c i a t e d  wi th  these  su r f ace  molecules have a  

s i g n i f i c a n t  e f f e c t  on t h e  behavior  o f  t h e  p a r t i c l e  and hence, t h e  mass of  

t h e  s o i l .  

I t  i s  found, i n  genera l ,  t h a t  allowance f o r  t h e  e f f e c t  of  su r f ace  

fo rces  must be  made when t h e  s i z e  o f  t h e  p a r t i c l e  becomes l e s s  than  one 

micron cm) , a s i z e  which corresponds t o  t he  upper l i m i t  of c o l l o i d s ,  



I t  was formerly be l i eved  t h a t  c l ay  minerals  were amorphous i n  s t r u c t u r e ,  

bu t  i n v e s t i g a t i o n s  c a r r i e d  out  with x-ray d i f f r a c t i o n  and e l e c t r o n  micro- 

scopy s i n c e  t h e  1920's have shown them t o  be  predominately c r y s t a l l i n e ;  

moreover, i t  is  found t h a t  c l ay  minerals  a r e  c r y s t a l l i n e  hydra ted  aluminum 

s i l i c a t e s .  Although t h e  molecular s t r u c t u r e s  a r e  complicated, i t  has been 

shown t h a t  c l a y  minerals  a r e  cons t ruc t ed  e s s e n t i a l l y  from two b a s i c  s t r u c t u r a l  

u n i t s  : The s i l i c a  t e t r ahed ron  (SIOZ) and t h e  oc t ahedra l  aluminum hydroxide 

A 1  (OH) 3 .  

A s i l i c a  t e t r ahed ron  c o n s i s t s  of a  c e n t r a l  s i l i c o n  atom surrounded by 

f o u r  oxygen atoms arranged a t  t h e  apexes o f  e q u i l a t e r a l  t r i a n g l e s .  The o t h e r  

s t r u c t u r a l  element,  hydra ted  aluminum, t akes  t h e  form of  an oc t ahedra l  c rys-  

t a l ,  i n  which t h e  aliuninum atom occupies  t h e  c e n t e r  of  t h e  s t r u c t u r e ,  above 

and below which t h e  oxygen and hydroxyl i ons  a r e  arranged.  

The c l a y  minerals  des igna ted  Smect i tes  a r e  composed o f  b a s i c  u n i t s  o f  

two s i l i c a  t e t r a h e d r a l  shee t s  wi th  a  c e n t r a l  alumina oc t ahedra l  s h e e t .  These 

u n i t s  a r e  continuous i n  t h e  a  and b d i r e c t i o n s  and a r e  s tacked  one above t h e  

o t h e r  i n  t h e  c  d i r e c t i o n .  These b a s i c  u n i t s  a r e  r e f e r r e d  t o  a s  s i l i ca -a lumina -  

s i l i c a  u n i t s .  

I n  t h e  s t a c k i n g  o f  t h e  b a s i c  u n i t s ,  one above t h e  o t h e r ,  t h e  0- layers  

o f  each  u n i t  a r e  ad j acen t  t o  0- layers  o f  t h e  neighboring u n i t s .  Because 

o f  t h e  p m x i m i t i t y  of t he  0 - l aye r s ,  t h e r e  i s  a  weak bonding energy which 

permi ts  easy expansion o f  t h e  l a t t i c e  i n  t h e  c - d i r e c t i o n ,  I t  is  t h i s  h igh  

swe l l i ng  c h a r a c t e r i s t i c  t h a t  i s  the  ou t s t and ing  f e a t u r e  o f  Smect i tes  , 



Chinle  Clay is  a random-mixed layered  minera l  conta in ing  minor t o  major 

amounts of t h e  Smecti te  minera l ;  i , e . ,  about 10% - SO% by w t .  of Smect i te .  

Since D r ,  OqBannon's t reatment  of swe l l i ng  c l a y s  r e s t s  on base  exchange 

phenomena, a  s h o r t  d i scuss ion  of t h i s  phenomena is  i n  o rde r ,  

The absorbed ions  on a  c l a y  s u r f a c e  a r e  p re sen t  i n  a  d i f f u s e  double l a y e r .  

Each of t h e  i o n s  requi red  t o  n e u t r a l i z e  t h e  charge on t h e  p a r t i c l e  s u r f a c e  is  

o s c i l l a t i n g  due t o  Browniw motion, thus t h e  ion  i s  assumed t o  be  o s c i l l a t -  

i ng  i n  a  c e l l ,  c a l l e d  an o s c i l l a t i o n  c e l l ,  ad jacent  t o  a  charged a r e a  on the  

p a r t i c l e  s u r f a c e ,  Other i ons  from an added e l e c t r o l y t e  may e n t e r  t he  o s c i l l a -  

t i o n  c e l l s  o r  may remain i n  t h e  e x t e r n a l  phase, A given ion  w i t h  a  l a r g e  

naked r a d i u s ,  i.e., K', w i l l  have a  sma l l e r  hydra t ion  r ad ius  and thus  be  a b l e  

t o  approach t h e  charged s u r f a c e  c l o s e r  than  an i o n  wi th  a  sma l l e r  naked r a d i u s ,  

i , e , ,  N', and a  corresponding l a r g e r  hydra t ion  r a d i u s ,  Thus, t he  potassium 

i o n  w i l l ,  on t h e  average, bond t o  t h e  s u r f a c e  wi th  a  correspondingly g r e a t e r  

energy than a  sodium ion ,  

Such concepts have been evolved i n t o  mathematical models which dep ic t  t h e  

ion  exchange process  a s  a  s t o c h a s t i c  process ,  

These t h e o r i e s ,  i n  p a r t i c u l a r  t h e  one by H, Jenny, lead  t o  mass-law o r  

mass-action equi l ibr ium equat ions .  However, t h e s e  models of base-exchange 

imply the  exchange phenomena i s  e s s e n t i a l l y  a  complex r e d i s t r i b u t i o n  of ions  



both between an  e x t e r n a l  phase and t h e  i o n  swarm and a l s o  w i t h i n  t h e  ion  

swarm. Unfortunately t h i s  process  depends on s e v e r a l  f a c t o r s ,  The ion  

r e d i s t r i b u t i o n  cannot be  regarded a s  simple me ta thes i s ,  p r e c i s e l y  def ined  

by a  s imple equat ion  of t he  mass-law type,  The mass-law equat ions  o f t e n  

quoted i n  t h e  l i t e r a t u r e ,  wi th  regard  t o  base  exchange phenomena, must be  

considered a s  only approximations from which t h e r e  may be  cons iderable  

v a r i a t i o n  i n  "unfavorable" cases .  

Because o f  t h e  s t o c h a s t i c  na tu re  of base-ewshmge phenomena , m y  s o i l  

t rea tment  based on t h i s  phenomena must t h e r e f o r e  a l s o  b e  regarded a s  a  

s t o c h a s t i c  process ,  Of course one may r a i s e  t h e  "odds" i n  f avo r  of a  

s u c c e s s f u l  t rea tment  along t h e s e  l i n e s  by p repa r ing  t h e  e x t e r n a l  phase t o  

be  " r ich"  i n  t h e  p r e f e r r e d  i o n s ,  e .g . ,  u t i l i z e  a h igh  concen t r a t ion  KC1 

s o l u t i o n  t o  t r e a t  t h e  s o i l .  

S t  must b e  borne i n  mind t h a t  an ion-exchange s o i l  t rea tment  c m  a l t e r  

t h e  physicochemical p r o p e r t i e s  of t h e  s w e l l i n g  c l a y  and i s  one o f  t h e  most 

e f f e c t i v e  ways t o  combat problem over  a  r e l a t i v e l y  sma l l  l o c a l i z e d  reg ion  

on which an expensive i n p l a c e  s t r u c t u r e ,  s ay  a  pavement, rests. 

The a b i l i t y  of a  c l ay  t o  absorb i o n s  on i t s  s u r f a c e s  o r  edges i s  c a l l e d  

i t s  base  o r  c a t i o n  (anion) exchange capac i ty ,  which i s  a f m c t i o n  of t h e  

s u r f a c e  chemistry of t h e  c l a y  and t h e  s i z e  of  t h e  c l ay  p a r t i c l e s .  Thus t h e  

term base  exchange i s  widely employed, a l though i n  f a c t  hydrogen i o n s  and 

even o rgan ic  i o n s  may be  involved i n  t h e  exchange. 



The base  exchange capac i ty  of a  c l a y  minera l  i s  r e l a t e d  both  t o  t h e  

charge de f i c i ency  caused by isomorphous s u b s t i t u t i o n s  w i t h i n  t h e  l a t t i c e  

of t h e  minera l  and a l s o  t o  t h e  number of dangl ing bonds around the  edges 

of p a r t i c l e s .  The absorbed i o n  may be N + C + +  K i F ++ o r  o t h e r  
a  a  e  

ca t ions .  These absorbed ions  w i l l  no t  a l t e r  t h e  b a s i c  c l ay  chemical formula, 

bu t  they s i g n i f i c a n t l y  a l t e r  t h e  engineer ing  behavior  of t h e  c l a y  mineral  

s i n c e  they a f f e c t  t h e  bonding energy of t h e  va r ious  b a s i c  s t r u c t u r a l  s h e e t s  

t o  one another .  Xoreover, i n  occupying spaces on the  s u r f a c e  of t h e  c l ay  

p a r t i c l e s  t he  ions  i n t e r f e r e  w i th  development of water  l a y e r s  a t  t h e  su r f ace .  

Af t e r  ana lyz ing  t h i s  base-exchange phenomena, D r .  Charles  O'Bannon of 

t h e  A,S.U,  C i v i l  Engineering Department employed electro-chemical  s t a b i l i z a -  

t i o n  t o  t h e  problem of swel l ings  c l ays .  D r .  O'Bannon f f e t  t h a t  two primary 

e f f e c t s  could be  r e l i e d  upon t o  a l t e r  t h e  c l ay  p r o p e r t i e s .  

( a )  The r e l e a s e  of i ons  from the  anodes, an exchange of i ons  i n  t h e  

s o i l  s o l u t i o n  and t h e  migra t ion  of s o l u t e s  i n  the  pore water  o r  

i n  t h e  absorbed water  l a y e r s .  The a c t i v a t i o n  of such a  system 

can lead  t o  new p a r t i c l e  con f igu ra t ions  (e .g . ,  c l o s i n g  o r  opening 

t h e  space between c l a y  p l a t e l e t s  and locking  them toge the r  wi th  

d i f f e r e n t  c a t i o n s  e i t h e r  f a c e  t o  f a c e  o r  edge t o  f ace ,  

(b) Mass-transfer phenomena, i . e . ,  i o n i c  t r a n s p o r t  and water  t r a n s p o r t  

t o  a s s i s t  s t a b i l i z i n g  s o l u t i o n s  t o  p e n e t r a t e  i n t o  s o i l s  which may 

be  o t h e m i s e  nea r ly  impermeable t o  t h e  passage of s o l u t i o n ,  



I n  o rde r  t o  f u r t h e r  i l l u m i n a t e  t h e  r a t i o n a l e  behind D r .  ~ ' ~ a n n o n ' s  

usage of e l ec t roc~hemica l  s t a b i l i z a t i o n  a s h o r t  d i scuss ion  of  some fundamental 

i d e a s  r e l a t i n g  t o  swe l l i ng  c l ays  and e f f e c t s  of e a e c t r o l y t e s  on c lay  swe l l i ng  

i s  presented ,  

The observed swe l l i ng  p re s su re  of montomori l loni te  i s ,  of course,  t h e  

d i f f e r e n c e  between t h e  a t t r a c t i v e  and r epu l s ive  fo rces  ope ra t ing  between the  

l a y e r s  p e r  u n i t  a rea .  

A t  s m a l l  h a t e r l a y e r  d i s t a n c e s  two a t t r a c t i v e  fo rces  p r e d o ~ n a t e ;  namely, 

e l e c t r o s t a t i c  f o r c e s  between t h e  nega t ive ly  charged s u r f a c e s  and t h e  i n t e r -  

vening excnangeable c a t i o n s ,  and van des  Waals fo rces .  The magnitude of 

t h e  f o m r  depends on t h e  s u r f a c e  charge dens i ty  r e s u l t i n g  from isomorphous 

s u b s t i t u t i o n .  Thus, t h e  f o r c e s  between t h e  charge s u r f a c e  and t h e  ca t ions  

depend on t h e  composition of t h e  mineral .  The van d e r  Waals fo rces  a r e  not  

g r e a t l y  dependent of t h e  m a t e r i a l  composition; however, they  a r e  i n f luenced  

by t h e  e x t e r n a l  env i ronmnt .  

The r e p u l s i v e  f o r c e s  involved have been gene ra l ly  considered t o  be osmotic 

i n  na ture .  It is assumed t h a t  when montomori l loni te  is  placed i n  contac t  wi th  

water ,  t h e  wa te r  i n i t i a l l y  e n t e r s  between t h e  l a y e r s  because t h e  molar energy 

of t n e  wa te r  is  seduced by t h e  hydra t ion  of t h e  c a t i o n s  p re sen t  between t h e  

l a y e r s  a d  hydra t ion  of t h e  l a y e r  su r f aces .  



Hence, a h igh ly  concent ra ted  s o l u t i o n  of c a t i o n s  is  formed between the  

c lay  l a y e r s .  Moreover, b e c a w e  of t h e  nega t ive ly  charged l a y e r s  tan e l e c t r o -  

s t a t i c  f i e l d  is  p r e s e n t  which cons t r a ins  t h e  c a t i o n i c  thermal  motion. 

This thermal  o r  Brownian motion of t h e  c a t i o n s  i s  always p re sen t  and 

without  t h e  c o n s t r a i n t  o f  t h e  i n t e r l a y e r  e l e c t r o s t a t i c  f i e l d  t h e  c a t i o n s  

between t h e  l a y e r s  would d i f f u s e  out  t o  t h e  e x t e r i o r  s o l u t i o n  u n t i l  an e q u i l i b -  

rium concent ra t ion  w a s  e s t a b l i s h e d ,  

The osmotic model used t o  desc r ibe  swe l l i ng  phenomna i s  f o m u l a t e d  

around t h e s e  f a c t s  a s  fo l lows:  Because t h e  i n t e r l a y e r  e l e c t r i c  f i e l d  a c t s  a s  

a  s e d p e r m e a b l e  membrae and causes t h e  i n t e r l a y e r  s o l u t i o n  t o  have a  h igh  

concent ra t ion  of c a t i o n s ,  e x t e r i o r  water  e n t e r s  due t o  an osmotic g rad ien t .  

The r e s u l t i n g  r e p u l s i v e  p re s su res  i s ,  t h u s l y ,  assumed t o  be an osmotic  one. 

This osmotic theory of swe l l i ng  seems t o  b e  a  p l a m i b l e  one and indeed 

some ewperimental evidence a t  l e a s t  q u a l i t a t i v e l y ,  suppor ts  i t .  However, 

D r ,  P h i l l i p  P ,  Low,among o thes , sugges t s  t h a t  t h i s  i s  no t  t h e  f u l l  s t o r y .  It 

has been shown thermodynamically t h a t  t h e  r e p u l s i v e  p re s su re  has  n o t  only t h e  

osmotic c o n t r i b u t i o n ,  but. a l s o  a  c o n t r i b u t i o n  from the  molar p o t e n t i a l  energy 

of t h e  water .  

The molar p o t e n t i a l  energy Is a  f a c t o r  because t h e  i n t e r l a y e r  water  

i n t e r a c t s  w i th  l a t t i c e  s t r u c t u r e  of t h e  c&ay c r y s t a l .  That is  t h e  s t r u c t u r e s  

of t h e  i n t e r l a y e r  water  and montmori l loni te  con fom t o  one another ,  i . e . ,  

ep i t axy  occurs ,  because of t h e  hydrogen bonding between them, What t h i s  metans 

i s  t h a t  as t h e  th ickness  of t he  i n t e r l a y e s  water  i n c r e a s e s  i t ' s  s t r u c t u r e  

a s s m e s  a p r e f e r r e d  conf igu ra t ion  and t h e  montmori l loni te  c r y s t a l  a d j w t s  



accordingly.  This  adjustment  cont inues u n t i l  t h e  water  achieves i t s  p r e f e r r e d  

conf igura t ion .  .An a l t e r n a t i v e  i n t e r p r e t a t i o n  i s  t h a t  t h e  montmor i l lon i te  

s t r u c t u r e  r e l a x e s  a s  s t r e s s e s  a c t i n g  on i t  a r e  r e l i e v e d  by t h e  i n c l u s i o n  of 

wa te r ,  and t h e  water  s t r u c t u r e  changes conformably. This  r e l a x a t i o n  cont inues 

u n t i l  t h e  wa te r  s t r u c t u r e  r e s i s t s  f u r t h e r  s t r a i n .  

Now as  t h i s  phenomena occurs  t he  b-dimension of t h e  wit c e l l *  i n c r e a s e s  

due t o  an a l t e r n a t i v e  clockwise and counterclockwise r o t a t i o n  of  t h e  c l a y ' s  

s i l i c a  t e t r a h e d r a  about t h e i r  v e r t i c a l  axes.  See f i g u r e s  4 and 5. This  ro t a -  

t i o n  of t h e  t e t r a h e d r a  a l t e r s  t h e  b-dimension of t h e  u n i t  c e l l .  Thus, a l l  

maximally swollen montmori l loni tes  have t h e  same b-dimension f o r  t h e i r  s i l i c a  

t e t r a h e d r a .  This  va lue  i s  a l i t t l e  over  9 x cm o r  9%. 

It has  been e s t a b l i s h e d  t h a t  t h e  presence of' g o t a s s i m  i o n s  i n  t h e  i n t e r -  

l a y e r s  of montmori l loni te  s i g n i f i c m t l y  in f luences  t h e  l a t t i c e  s t r u c t u r e  

of t h e  c l ay .  Work done by D r .  P h i l l i p  Low a d  o t h e r s  shows t h a t  t h e  potassium 

i o n  i n c r e a s e s  t h e  b-dimension, s e e  f i g u r e  6 ,  hence reduces t h e  s w e l l  p o t e n t i a l  

of t h e  montmor i l lon i te  c lay .  D r .  O'Bannon has  found t h a t  t h e  r equ i r ed  amount 

of potassium t o  s i g n i f i c a n t l y  a f f e c t  t h e  s w e l l  of t h e  Chinle  Clay v a r i e s  from 

about 0.008 g m  K+/garib c l ay  t o  about 0.02 gsae K+/gm c l ay ,  

*The u n i t  c e l l  i s  t h e  s m a l l e s t  s t r u c t u r a l  wit which, when repea ted  i n  space ,  
reproduces t h e  given c r y s t a l l i n e  s t r u c t u r e ,  
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It i s  gene ra l ly  be l i eved  t h a t  D r ,  0 ' ~ a n n o n  u t i l i z e d  an e l e c t r i c  f i e l d  

t o  move a chemical s o l u t i o n  through t h e  c l ay  reg ion  s o l e l y  because of t h e  

low hydrau l i c  permeabi l i ty  c o e f f i c i e n t  of Chinle Clay. Th i s ,  however, i s  

n o t  s t r i c t l y  co r r ec t .  It i s  w e l l  known** t h a t  e l e c t r o l y t e s  have an e f f e c t  

on t h e  magnitude of t h e  s o i l  permeabi l i ty .  For example f i e l d  & l abo ra to ry  

work f o r  t h i s  p r o j e c t  showed t h a t  a  0 .4  N K C 1  s o l u t i o n  moves through Chinle  

Clay, m d e r  a h y d r a u l i c  g r a d i e n t ,  a t  a  s i g n i f i c a n t l y  h ighe r  v e l o c i t y  than  

deionized water  does ( i . e . ,  w e l l  over  an orde r  of magnitude i n c r e a s e  i n  

v e l o c i t y ) .  

Because o f  t h i s ,  s e v e r a l  a t tempts  were made i n  prev ious  s t u d i e s ,  t o  i n t r o -  

duce t h e  KC1 s o l u t i o n  i n t o  t h e  s o i l  us ing  only hydrau l i c  g r a d i e n t s .  Thus w i t h  

a  s imple "pending" technique one could r e l y  on t h e  base-exchange of  i o n s  t o  

e f f e c t  a change i n  t he  c l ay  s t r u c t u r e .  While base  exchange produces long- 

term e f f e c t s  on the  c l a y  s t r u c t u r e  i t  w a s  found t h a t  a p p l i c a t i o n  of an e l e c t r i c  

f i e l d  induces a d d i t i o n a l  e l e c t r o - c h e d c a l  phenomena which a l s o  g r e a t l y  a l t e r e d  

t h e  s o i l  s t r u c t u r e ,  

With t h e  a p p l i c a t i o n  of t h e  e l e c t r i c  f i e l d  t o  t h e  KCI s o l u t i o n  - s a t u r a t e d  

c lay  a  v a r i e t y  of e l e c t r o - c h e d c a l  phenomena occur .  Among t h e  va r ious  mass- 

t r a n s f e r  e f f e c t s  a r e  i on - t r anspor t  and water - t ranspor t .  

**Lutz, J . F . ,  and W.B. Kemper, " I n t r i n s i c  B e m e a b i l i t y  of Clay a s  Affected 
by Clay-Water In t e rac t ion" ,  S o i l  Science v o l .  88, 1959, pg. 83. 



~ ' ~ a n n o n ' s  s t a b i l i z a t i o n  method r e l i e s  pr imar i ly  on ionic- t ranspor t  t o  

e f f e c t i v e l y  move the  p o t a s s i m  ions  t o  t h e  i n t e r s t i t i a l  c lay  sites. Wow- 

ever ,  i n  conjunction wi th  the  ionic- t ranspor t ,  water- transport  occurs,  a d  

s o  0 ' ~ a n n o n b  s o i l  s t a b i l i z a t i o n  technique was i n i t i a l l y  categorized a s  

employing electro-osmosis f o r  t h e  purpose of s o i l  s t a b i l i z a t i o n .  Clear ly ,  

t h i s  i s  not  the  most comprehensive t e r m  t o  use f o r  t h i s  process,  

I n  f a c t  as s o i l  s t a b i l i z a t i o n  research work proceeded,it  becme  c l e a r  

t h a t  0 ' ~ m n o n %  electro-chemical technique c m  be charac ter ized  as b a s i c a l l y  

the  e l e c t r o l y s i s  of swel l ing  c lays .  



MISCIBLE DISPLACEMENT 

In t roduc t ion  

Since t h e  s o i l  s t a b i l i z a t i o n  process  a s  developed by D r .  O'Bannon con- 

sists of t r a n s p o r t i n g  K C 1  s o l u t i o n  through t h e  s o i l a i t  was found t o  be neces- 

s a r y  t o  examine what condi t ions  a f f e c t e d  t h i s  mass t r a n s p o r t  and how they  

a f f e c t e d  i t .  

The s tudy  of t h e  movement of wa te r ,  conta in ing  d isso lved  s o l u t e s ,  i n t o  

a d  through t h e  s o i l  i s  c a l l e d  Misc ib le  Displacement. 

The term KLscible Displacement i s  a  r e l a t i v e l y  new one, however, t h e  

technique i s  very o l d  and has  long  been used. For example, rec la iming  s a l i n e  

and a l k a l i  s o i l s  by leaching  ou t  t h e  excess  salts has  been used f o r  many years  

b u t  t h e  process  has been examined m a l y t i c a l l y  only r ecen t ly .  

B r i e f l y ,  t h e  fol lowing t akes  p l a c e  i n  a  porous medium as one f l u i d ,  say  

pure water ,  d i sp l aces  a KGL s o l u t i o n .  

The s o l u t e s ,  i n  t h i s  ca se  RC1, i n  t he  d i sp l aced  f l u i d  a r e  t r m s f e r r e d  

through t h e  s o i l  by t h e  m a s s  t r a n s p o r t  of t he  moving f l u i d  and by thermal  

a g i t a t i o n .  F l u i d  f low through s o i l  i s ,  of  course,  very complex. The f l u i d  

v e l o c i t y  f l u c t u a t e s  r a p i d l y  due t o  t h e  complex geometary of t h e  medim. This  

complex flow causes t h e  KC1 i n  t h e  s o l u t i o n  t o  move i n t o  t h e  pure water ,  The 



term f o r  t h i s  mass-transport i s  d i s p e r s i o n ,  o f t e n  c a l l e d  hydrodynancbc d i spe r -  

s i o n ,  t o  d i s t i n g d s h  t h i s  spreading  mechanism from t h a t  due t o  d i f f u s i o n ,  

This  d i s t i n c t i o n  i s  necessary  because d i f f u s i o n  i s  due t o  t h e  random thermal  

motion of t h e  s o l u t e  molecules,  whereas d i s p e r s i o n  i s  due t o  t h e  macroscopic 

f l u c t u a t i o n s  i n  t h e  flow of t h e  f l u i d s  through t h e  c o q l e x  pore systems. Thus, 

t h e  movement of  a s o l u t e  ac ros s  t h e  i n i t i a l l y  sha rp  boundary between t h e  d i s -  

p l ac ing  and t h e  d i sp l aced  f l u i d  can be  due t o  d i spe r s ion  o r  d i f f u s i o n  o r  both.  

The shape of a b o m d a q  between two d i f f e r e n t  f l u i d s  and concen t r a t ion  

g rad ien t s  a s  they emerge from a s o i l  column could y i e l d  informat ion  about t h e  

magnitude of v i scous  drag  of t h e  f l u i d  on t h e  pore w a l l s ,  t h e  v e l o c i t y  d i s -  

t r i b u t i o n  of  t h e  f l u i d  i n  t h e  po res ,  t h e  con f igu ra t ion  of t h e  pores  , t h e  a m o k t  

of digfaasion t ak ing  p l ace  i n  t h e  pores ,  and even t h e  degree of  i o n  exchmge 

t ak ing  p lace .  However, such an exper imenta l  procedure i s  n o t  easy  t o  s e t  up, 

i n  f a c t ,  l i t t l e  earperimental work us ing  such a procedure has even been at tempted.  

b o t h e r  approach adopted by D r s ,  O'Bannon and Mansini f o r  t h i s  p r o j e c t ,  i s  

t o  examine t h e  concent ra t ion  change of a d i sp l aced  s o l u t e  i n  t h e  e f f l u e n t  a s  

t h e  boundary of t h e  d i sp l ac ing  f l u i d  and t h e  d isp laced  f l u i d  emerges from a 

s o i l  c o l m .  The manner i n  which the  concen t r a t ion  changes can g ive  w some 

informat ion  about t h e  porobas media and t h e  p h y s i c a l  behavior  of t h e  f l u i d s  

moving through t h e  media, 

To ana lyze  t h e  concent ra t ion  change of  s o l u t e  i n  t h e  e f f l u e n t  from a s o i l  

column t h e  d a t a  i s  presented  i n  a s t m d a r d  form c a l l e d  a b reAth rough  eu-rve. 



A breakthrough curve i s  a  graph of t h e  r a t i o  C/Co  versus  t h e  number of 

pore volumes of e f f l u e n t  c o l l e c t e d .  Here C i s  t h e  concent ra t ion  of t h e  

s o l u t e  f o m d  i n  t h e  e f f l u e n t ,  Go i s  t h e  i n i t i a l  concent ra t ion  of t h e  s o l u t e  

i n  t h e  d i sp l ac ing  f l u i d  and t h e  pore volume Vo i s  t h e  volume of t h e  porous 

medium occupied by f l u i d .  The number of pore volumes of e f f l u e n t  c o l l e c t e d  

i s  given by Q t / V o  where Q i s  t h e  q u a n t i t y  of flow per  u n i t  t i m e  and t t h e  

i n t e r v a l  of t ime t h a t  has e l apsed  s i n c e  t h e  d i sp l ac ing  f l u i d  was added t o  

t h e  medium. The quan t i t y  Q t  i s  a l s o  t h e  volume of e f f l u e n t  c o l l e c t e d .  The 

r a t i o  C/Co w i l l  be ze ro  a t  f i r s t  and then  approach 1 as  t h e  concent ra t ion  

of t h e  e f f l u e n t  approaches t h a t  of t h e  d i sp l ac ing  f l u i d ,  t h a t  i s  when most 

of t h e  d i sp l aced  has been removed from t h e  medium and t h e  e f f l u e n t  i s  com- 

posed nos t l y  of t he  d i sp l ac ing  f l u i d .  

There a r e  two c l a s s e s  of Misc ib le  Displacement, they a r e  "p i s ton  flow" 

o r  flow wi thout  mixing and flow wi th  mixing, 

P i s t o n  flow is  schemat ica l ly  shown i n  f i g u r e  7 ,  I n  t he  upper p a r t  of 

t h a t  f i g u r e  t h e r e  i s  a  tube  w i t h  a  p i s t o n  at t h e  l e f t  end and a  sma l l  o u t l e t  

tube  a t  t h e  r i g h t  end, I n  t h e  tube  t h e r e  i s  a  sal t  s o l u t i o n ,  say  a  s a t u r a -  

t e d  K C 1  s o l u t i o n ,  i n i t i a l l y  s epa ra t ed  from pure water  by a  membrane. I f  we 

p u l l  out  t h e  membrane and push t h e  p i s t o n  f a i r l y  r a p i d l y  t o  t h e  r i g h t  s o  t h a t  

t h e r e  i s  no t ime f o r  d i f f u s i o n  t o  occur ac ros s  t h e  boundary Pine between t h e  

sal t  s o l u t i o n  and t h e  wa te r ,  t h e  wa te r  w i l l  be  moved t o  t h e  r i g h t  wi thout  

any mixing a t  the  i n t e r f a c e .  This  i s  shown i n  t h e  middle p a r t  of f i g u r e  7 .  

The e f f l u e n t  w i l l  be  KC1 s o l u t i o n  u n t i l  t h e  water  f r o n t  reaches t h e  end of 

t h e  tube.  Then, onIy pure water  w i l l  come out  of t h e  tube a s  shown i n  a t  t h e  
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bottom of f i g u r e  7. Hence, i n  t h i s  type  of flow t h e  d isp laced  f l u i d  w i l l  

move a t  t h e  r a t e  of  t h e  moving p i s t o n .  I n  p i s t o n  flow t h e r e  i s  no viscous 

drag of t h e  f l u i d  along the  w a l l s  of t h e  tube  and no turbulence ,  moreover 

p i s t o n  flow almost never occurs  i n  s o i l s .  

A more r e a l i s t i c  type of flow througla a  tube  i s  shown i n  f i g u r e  8-a. 

The tube i s  shown t o  e x h i b i t  a  drag  on t h e  f l u i d .  It i s  shown i n  t h e  upper 

p a r t  of t h i s  f i g u r e  t h a t  a s  t h e  water  i s  pushed i n t o  t h e  tube  a t  t h e  l e f t  

i t  moves f a s t e r  down t h e  c e n t e r  of t h e  tube  than  i t  does along t h e  w a l l s .  

This  i s ,  of course,  due t o  t h e  v iscous  drag  of t h e  f l u i d  nea r  t h e  w a l l  which 

causes t h e  v e l o c i t y  of t he  f l u i d  next  t o  t h e  w a l l  t o  be  l e s s  than  t h a t  nea r  

t h e  c e n t e r  of t h e  tube ,  

I n  t h e  lower p a r t  of t he  f i g u r e  i t  i s  shown t h a t  t h e  s a l t  f r o n t  has  

advanced much f u r t h e r  a long t h e  a x i s  and i t  w i l l  no t  be long be fo re  t h e  water  

w i l l  move out  of t he  tube and be found i n  t h e  e f f l u e n t ,  Then a s  a d d i t i o n a l  

water  i s  moved through t h e  tube  t h e  concent ra t ion  of t he  s a l t  i n  t h e  e f f l u e n t  

w i l l  decrease .  This i s  d i s t i n c t i v e  from t h e  pure p i s t o n  type flow s i n c e  n o t  

j u s t  s a l t  s o l u t i o n  then water  w i l l  move out  of t he  tube ,  bu t  an e f f l u e n t  w i th  

a  measurably decreas ing  concent ra t ion  of s a l t .  It is  shown i n  t h e o r e t i c a l  

t rea tments  t h a t  t h e  sma l l e r  t h e  diameter  of t h e  tube  and t h e  longer  i t s  l eng th ,  

t h e  g r e a t e r  is  t h e  mixing, 

h example of breakthrough curves f o r  bo th  p i s t o n  flow and flow i n  a  

tube  a r e  provided i n  f i g u r e  8-b. Notice t h a t  f o r  p i s t o n  flow one pore volume 

of e f f l u e n t  passes  out  of t h e  medim b e f o r e  any change i n  t h e  concent ra t ion  
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r a t i o  C/Co t akes  p l ace ,  Then, i n  a  very s h o r t  time i n t e r v a l  t h e  concentra- 

t i o n  r a t i o  goes t o  zero.  I n  t h e  case of flow through a  tube t h e  concentra- 

t i o n  r a t i o  remains cons tan t  u n t i l  about a pore volume o r  s o  i s  c o l l e c t e d  then  

t h e  concen t r a t ion  r a t i o  begins  t o  decrease  i n  a  r e l a t i v e l y  gradual  manner. 

I n  f i g u r e  9 one s e e s  how a  d i sp l ac ing  f l u i d  w i l l  move through a  s a t u r a -  

t e d  non-swelling s o i l .  The d i s p l a c i n g  f l u i d  w i l l  tend t o  move mostly through 

t h e  l a r g e  pores  and displacement w i l l  be  slow i n  t h e  sma l l e r  po res ,  moreover 

d i f f u s i o n  w i l l  occur .  

I n  l a b o r a t o r y  e q e r i m e n t a l  set-up t h e  s o i l  sample was n o t  s a t u r a t e d ,  t h e  

moisture content  being about 5 percent .  Indeed i t  was found t h a t  i f  t h e  s o i l  

was s a t u r a t e d  wi th  deionized water  then  t h e  e l e c t r o l y t e  would no t  move i n t o  

t h e  s o i l  even under appl ied  p re s su re  g r a d i e n t s .  With unsa tura ted  s o i l  t he  

s i t u a t i o n  is more complex than f o r  s a t u r a t e d  s o i l s .  This  case  is  shown i n  

f i g u r e  10 where t h e r e  a r e  s o i l  p a r t i c l e s ,  wa te r  and a ir  spaces ,  It should be 

s t r e s s e d  t h a t  t h i s  f i g u r e  i s  drawn wi thout  t&ing  i n t o  account m y  volumetr ic  

change due t o  swel l ing .  I n  t h i s  s i t u a t i o n  t h e  l a r g e  pores ,  which, under 

s a t u r a t e d  condi t ions  conducted t h e  sal t  s o l u t i o n  e a s i l y ,  a r e  now p a r t l y  f i l l e d  

wi th  air and have l o s t  t h e i r  conducting e f f e c t i v e n e s s .  The sal t  s o l u t i o n  w i l l  

t end  t o  go where t h e  water f i lms  a r e  t h e  t h i c k e s t .  

Di f fus ion  of  a s o l u t e  m y  t ake  p l ace  dur ing  d s c i b l e  displacement.  I f  

t h e  f l u i d s  of t h e  misc ib l e  displacement process  move i n  t h e  s o i l  at p r a c t i c a l l y  

ze ro  v e l o c i t y ,  some of  t h e  sal t  molecules may move forward and completely out  

of t h e  s o i l  j u s t  by t h e  thermal  motion of d i f f u s i o n .  



M i s c i b l e  Bisg lacement  

S o i l  Sample 

S o i l  P a r t i c l e s  S o l u t i o n  

Schemat ic  drawing of f l e w  i n  a 
S a t u r a t e d  S o i l  

S o i l  Sample 

S o i l  P a r t i c l e s  S o l u t i o n  

Schemat ic  drawing o f  f low i n  a n  
u n s a t u r a t e d  S o i l  

F i g u r e  9 & 10 



Under f i e l d  condi t ions  one w i l l  almost always have an unsa tura ted  s o i l  

mediaam at hand. I n  t h i s  case t h e  theory  as developed can only s e r v e  a s  

genera l  guides f o r  q u a l i t a t i v e  judgments. This  i s  due t o  t h e  wide range of 

pore v e l o c i t i e s  p re sen t ,  during t h e  displacement process ,  i n  t h e  m s a t u r a t e d  

s o i l .  

The misc ib l e  displacement experiments p e r f o m e d  f o r  t h i s  p r o j e c t  were 

n e c e s s a r i l y  r e s t r i c t e d  i n  scope because of t h e  l i d t e d  time a v a i l a b l e .  

It is  apparent  from f i g u r e  11 t h a t  a f t e r  a  Chinle  Clay s o i l  i s  s a t u r a t e d  

wi th  an e l e c t r o l y t e  (0.4 N KC1) and then  t h e  s o l u t i o n  is d i sp l aced  w i t h  deio- 

nized water  t h e  removal of t h e  ch lo r ides  t&es  p l ace  very  n e a r l y  l i k e  a  

c l a s i c a l  "bre&throughn curve. This  d a t a  sugges t s  t h a t  t h e  c o l l o i d a l  p a r t i -  

c l e s  =king up t h e  s o i l  have agglomerated, from t h e  a c t i o n  of t h e  e l e c t r o l y t e  

on t h e  double l a y e r ,  and c rea t ed  continuous pores  s o  t h a t  t he  s o l u t i o n  and 

water  can pass  through the  c l ay  cslumaa wi th  r e l a t i v e  ease .  

More ove r  even a f t e r  s e v e r a l  mP of  de ionized  water  were run through t h e  

sample a d  t h e  e f f l u e n t ' s  salt  concen t r a t ion  had reached an equilibriraan va lue  

t h e  c l ay ' s  p r o p e r t i e s  d i d  no t  s i g n i f i c a n t l y  a l t e r  and t h e  s a p l e  r e t a i l e d  i t s  

r e l a t i v e l y  h igh  p e m e a b i l i t y  r e l a t i v e  t o  t h e  deionized water .  

I n  a t tempt ing  t o  run t h e  ewer imen t  i n  t h e  o t h e r  d i r e c t i o n ,  t h a t  is  by 

us ing  a sample s a t u r a t e d  w i t h  deionized water and then  us ing  t h e  e l e c t r o l y t e  

a s  t h e  d i s p l a c i n g  f l u i d ,  ou r  e f f o r t s  were thwarted by t h e  p r o p e r t i e s  of t h e  

c lay .  That i s ,  t h e  c l ay  s o  t enac ious ly  h e l d  onto  t h e  deionized water  t h a t  

t h e  O , 4  N K C 1  s o l u t i o n  was no t  a b l e  t o  e n t e r  t h e  s o i l  and d i s p l a c e  t h e  wa te r ,  

t h i s  occurred  even wi th  appl ied  p re s su re  g r a d i e n t s ,  





These experiments c l e a r l y  i n d i c a t e  t h a t  t h e  e l e c t r o l y t e  s t rong ly  i n t e r -  

a c t s  with dry Ghinle Clay and i s  able  t o  e a s i l y  a f f e c t  the permeabil i ty of 

the c lay  i f  c l a y  has not  been pre-sa tura ted  with pure water.  



CHAPTER I V  

Labora to ry  Work 

Genera l  

The purpose  o f  t h e  l a b o r a t o r y  work d u r i n g  Phase  V I  was t o  de te rmine  

t h e  e x p a n s i v e  and s w e l l  c h a r a c t e r i s t i c s  of t h e  u n t r e a t e d  s o i l  o b t a i n e d  

from t h e  t e s t  s i t e .  

The f i e l d  work f o r  t h i s  s t u d y  began i n  J u l y ,  1973, w i t h  t h e  s e l e c t i o n  

of t h e  t e s t  s i t e  a t  m i l e  p o s t  328.85 on t h e  westbound l a n e  of I n t e r s t a t e  

40, For a  p l a n  view of t h e  s i t e  s e e  f i g u r e  1 2 ,  S i n c e  t h i s  p r o j e c t  was 

i n i t i a t e d  a s  an  implementation s t u d y  an e n g i n e e r i n g  d e c i s i o n  a s  "t pre- 

t e s t  sampl ing t e c h n i q u e  was made a t  t h e  o n s e t  of t h e  p r o j e c t .  

Th i s  e n g i n e e r i n g  d e c i s i o n  i s  based on t h e  f o l l o w i n g  g e n e r a l  c o n s i d e r -  

a t i o n s :  most problems a r e a s  of s w e l l i n g  c l a y s  t r a v e r s e d  b y  a  roadway are 

e a s i l y  i d e n t i f i a b l e  v i s u a l l y ,  A f t e r  a n  a r e a  h a s  been i n d e n t i f i e d  a s  a  

p o s s i b l e  problem a r e a ,  a  qu ick  economical  way of sampl ing must b e  ilsed, 

i t  i s  c l e a r  t h a t  i n  a  s t u d y  o r i e n t e d  towards p u r e l y  i n v e s t i g a t o r y  g o a l s  

of s o i l  phenomena a  sampl ing t e c h n i q u e  used over  a  s e l e c t e d  r e g i o n  

s h o u l d  b e  based  on a  random procedure .  However, t h e  pr imary g o a l  was t o  

u t i l i z e  knowledge of p a s t  electrochemical work and app ly  t h e  same tech-  

n i q u e q  p r o p e r l y  modified,  t o  e n a b l e  a r a p i d  e v a l u a t i o n  of t h e  s w e l l i n g  

problems of  a  g i v e n  a r e a .  
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It was decided t h a t  t h e  sampling procedure would b e  undertaken 

s o  t h a t  t h e  d r i l l  r i g  would no t  have t o  move l a t e r a l l y  b u t  only long- 

i t u d i n a l l y ,  t h i s  would save  a  g r e a t  d e a l  of t ime, hence money, Moreover, 

t he  r i g  was pos i t i oned  a s  c l o s e  t o  t h e  c e n t e r  of t h e  i n t e r s t a t e  a s  p o s s i b l e  

wi thout  i n t e r f e r i n g  wi th  t r a f f i c  i n  one t r a v e l  l a n e  of t h e  westbound 

roadway. Twenty-six t e s t  ho le s  were d r i l l e d  and samples were obta ined  

t o  a  depth from zero t o  15 f e e t  i n  t h e  c l ay  subgrade. See f i g u r e  13. 

The samples were t r anspor t ed  t o  t he  Arizona Department of T ranspor t a t ion  

Mate r i a l s  Serv ices  where they  were prepared and used i n  l abo ra to ry  

s tradies , 

The samples were prepared i n  t h e  fo l lowing  manner, s e e  f i g u r e  14. 

The s o i l  was s i eved  through a  # 4  s i e v e ,  A l l  m a t e r i a l  pass ing  t h e  /,4 

s i e v e  was s tockp i l ed .  The m a t e r i a l  r e t a i n e d  on the  # 4  was crushed i n  a  

jaw c rushe r ,  The m a t e r i a l  was aga in  s i eved  and the  minus #4 added t o  t h e  

s t o c k p i l e ,  This c rush ing  and s i e v i n g  process  was repea ted  u n t i l  a l l  t h e  

m a t e r i a l  had passed the  54 s i e v e ,  The minus . #4  m a t e r i a l  sfas then mixed and 

s t o r e d  u n t i l  needed f o r  l abo ra to ry  t e s t i n g .  I n  t h i s  manner, a  homogeneous 

sample could be  obeained f o r  a l l  f u r t h e r  t e s t i n g  opera t ions .  See f i g u r e  

14 f o r  t h e  flow diagram of l abo ra to ry  work. 



Note Stations o + oo - 1 3  + 40 were set down July, 
1973 by Bist. IV for Project HPR-1-11 (145) 

1 LAV-OUT FOR PROCUREMENT OF SAMPLES FOR HPR-1-31 (145) 

Pre-samples 
Taken Approx. 

July 16, 1973 

Fig. 13 
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A s e r i e s  of t e s t s  w e r e  conducted t o  d e t e m i n e  t h e  index p r o p e r t i e s  

and g r a i n  s i z e  d i s t r i b u t i o n  of t h e  s o i l .  The average va lues  f o r  t h e  

a t t e r b e r g  L i m i t s  on t h e  samples were l i q u i d  l i m i t  39, p l a s t i c  l i m i t  1 7 ,  

and p l a s t i c  index 22. The average percent  pass ing  t h e  #200 s i e v e  was 

70% and i ts  g r a i n  s i z e  d i s t r i b u t i o n  i s  shown i n  f i g u r e  15. The s p e c i f i c  

g r a v i t y  of t he  s o i l  was 2,75. The s o i l  would c l a s s i f y  a s  a CL m a t e r i a l  

based on t h e  u n i f i e d  s o i l  c l a s s i f i c a t i o n  system. See t a b l e  No. 1 and 

f i g u r e  3 f o r  t he  r e s u l t s  of t h e  a t t e r b e r g  l i m i t s  t e s t s ,  

afhe expansive p re s su re  of t h e  un t r ea t ed  s o i l  was d e t e m i n e  f o r  

m a t e r i a l  pass ing  a #40 s i e v e  i n  a s t anda rd  R-value t e s t i n g  appa ra tus ,  

The d e n s i t y  of the  s o i l  was approximately 106 # / f t d  and t h e  mois ture  

contents  were 10 and 15 percent .  The r e s u l t s  of t hese  t e s t s  a r e  shown 

i n  t a b l e  N o .  2 .  The percent  s w e l l  was d e t e m i n e d  on t h e  un t r ea t ed  s o i l  

us ing  a modified clock house appara tus .  The d e n s i t y  was maintained a t  

3 106 # / f t  and t h e  moisture contents  were approximately 10 and 15 pe rcen t .  

The r e s u l t s  of t hese  tests a r e  a l s o  shown i n  t a b l e  No. 2. 

These t e s t s  i n d i c a t e  t h a t  t h e  s e l e c t e d  a r e a  is  r e p r e s e n t a t i v e  of a 

reg ion  w i t h  moderate swe l l i ng  c h a r a c t e r i s t i c s ,  
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The nes t  important determination t o  make was the  amount of KG1 per  u n i t  

w t .  of c lay  necessary f o r  proper s t a b i l i z a t i o n  of t h i s  pargicular  clayey 

mass. Because of the  l a r g e  mass of da ta  from previous s o i l  s t a b i l i z a t i o n  

work using t h i s  technique i t  was r e l a t i v e l y  s t r a igh t fo rna rd  t o  c lose ly  

es t imate  the  amount of KC1 required t o  reduce t h e  e q a n s i v e  pressure  by 

some reasonable f a c t o r ,  

It was decided t o  use an expansive pressure  reduction factor of 2 a s  

a guidel ine  i n  determining the  o v e r a l l  amount of KC1 needed. To use higher 

f a c t o r s ,  say 4 o r  5, would r e s u l t ,  when coupled wi th  the  electrochemical  

e f f e c t s  induced by the  e l c t r i c a l  cu r ren t  i n  the  soi l . ,  i n  a very earpensive 

o v e r k i l l ,  

'%faus, based on previous s o i l  s t a b i l i z a t i o n  work a decis ion  as  t o  t h e  

gm, w t .  of KC1 per  gm, w t ,  of c l ay  was made during t h e  l o g i s t i c a l  bu i ld  up 

period,  

It was determined from f i g u r e  16 t h a t  a b e s t  es t imate  from both  an 

engineering and economic st;mdpoin"cas about 0.02 gm K G l / p  c lay ,  This  

amount of KC1 added t o  the c lay  i n  add i t ion  t o  t h e  f a b r i c  changes i n  t h e  

c lay ,  induced by the  elctrochemical  process,  was adjudged t o  be s u f f i c i e n t  

f o r  our purposes. 
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